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1. INTRODUCTION

The recent conflict in Southeast Asia dramatically revealed the vulnera-

bility of sophisticated and expensive aircraft to small arms ground fire and

to surface-to-air missiles. Since the fuel tanks of tactical aircraft have the

largest presented area of all of the vulnerable components, engineering estimates

of fuel tank response to penetrating ballistic projectiles are required in order

to design more survivable tanks. Projectiles that penetrate tanks containing

fuel cause more severe damage to the tank than those that pass through empty

tanks. The reason for this is that the passage of the projectile through the

fuel causes an intense pressure pulse to propagate in the fuel and strike the

walls of the tank. This large internal fluid pressure on the walls can cause

severe petaling of the walls, usually at the entrance. and exit pointt; of the

projectiles. The development of the pressure pulse in the fuel by the ballistic

penetrator is known as the hydraulic ram effect, and the fluid pressure is

referred to as the hydraulic ram pressure.

The hydraulic ram effect can be divided into three phases; th~e early shock

phase, the later drag phase, and the cavity phase. The shock pha~se is

initiated when the projectile penetrates the wall and impacts the fluid. As

energy is transferred to the fluid, a strong hemispherical shock wave centered

at the point of Impact is formed. This creates an impulsive load on the inside

of the entry wall in the vicinity of the entry hole which may cause the entry

wall to crack and petal. As the projectile travels through the fluid, its

energy is transformed into kinetic energy of fluid motion as the projectile is

slowed by viscous drag. A pressure field is generated as fluid is displaced

from the projectile path. In contrast to the pressures developed in the shock

2
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phase, the fluid is accelerated gradually rather than impulsively, so that the

peak pressure is much lower; however, the duration of the pressure pulse is

considerably longer. A cavity develops behind the projectile as it passes

ti'rough the fluid which is filled with liquid vapor evaporated from the cavity

surface and air which can enter the cavity through the entry hole. As the fluid

seeks to regain its undisturbed condition, the cavity will oscillate. The con-

comitant pressures will pump fluid from any holes in the tank and they may be

sufficient to damage fuel cell components. This cavity oscillation is called

the "cavity phase."

The structural response of the fuel tank walls to the hydraulic ram

pressure is a complicated process. The pressure in the fuel caused by the

penetrating projectile acts on the tank walls, causing them to displace. This

displacement in turn affects the pressure in the fuel, thus leading to a complex

interaction between the fuel and the tank walls.* This interactio, phenomenon

is referred to as fluid-structure interaction.

Considerable research effort has been expended to develop an understanding

of the hydraulic ram effect and the associated fluid-structure interaction.

References 1 and 2 contain extensive bibliographies of most of the work on

hydraulic ram. Of particular interest here is the Hydraulic ram Project that

has been conducted at the Naval Weapons Center (NWC), China Lake, California.

The first phase of that project involved the characterization of the pressure

waves, generated by the projectile during fluid penetration through a rectangular

tank. An analytical molel for predicting the drag phase pressure field was

presented in Ref. 3, During FY 1973, an extens- 'e series of ballistic tests

were performed at NWC to obtain detailed fluid pressure measurements at

*Any cracking and petaling of the walls will also change the pressure in the
fluid, and hence the subsequent loading on the walls.

3
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were perfcrmed at NWC to obtain detailed fluid pressure measurements at

several locations for a variety of p~ojectiles under a wide range of impact

conditions. The results of these tests is reported in Ref. 4. A digital

computer code for predicting the drag phase fluid pressure in a rectangular

tank due to ballistic penetrators, based upon the theory of Ref. 3 and the

empirical data of Ref. 4, was subsequently developed by Lundstrom and Fung.

Information on the code and its use is given in Ref. 5. This code will be

referred to hereafter as the NWC hydraulic ram pressure code. One very signifi-

cant feature of this code is the fact that the wall surfaces of the rectangular

fluid volume are treated either as free surfaces or as fixed surfaces when

considering wave reflections from the walls.

The second phase of the NWC Hydraulic Ram Project involved the characteri-

zation of the fluid-structure interaction during the loading of the fuel tank

walls by the hydraulic ram pressure. In support of this goal, an extensive

series of ballistic penetration tests were conducted on fluid-filled, rectangular

tanks in March, 1974, to obtain detailed measurements of the strains at several

locations on the exit wall of the tank. A detailed description of the test

set-up and the complete set of results are given in Ref. 6.

An analytical and experimental hydraulic ram program has been conducted at

the Naval Postgraduate School (NPS) in conjunction with the NWC program for

approximately three years. A ballistic range has been built consisting of a

22 caliber rifle and a cubic fluid-containing tank. Fluid pressures and entry

wall strains hae been measured for various projectile sizes and energy levels.

The results of these experiments are given in Refs. 7-17. The analytical phase

of the NPS program has been devoted to the development of methods of analysis

L 4



that will accurately predict the structural response of the tak walls to the

hydraulic ram loading. The results of this effort are given in Refs. 10 and

17-21.

As a consequence of the complexity of the fluid-structure interaction while

the projectile is penetrating the tank, and afttr it exits the tank, an approxi-

mate theory was proposed in Ref. 10 that allows the solution for the fluid

*i pressures to be obtained separatel:y from the solution for the wall response.*

This theory is known as the "piston theory." It is an exact theory for the

one-dimensional acoustic fluid-structure interaction problem. In the piston

theory the response of the wall is computed using the conventional structural

response equations, with the normal pressure on the wall q given by 2po-pcw

where p0  is the incident fluid pressure at the wall, p is the fluid density,

c is the acoustic velocity in the fluid, and w i& the wall velocity**. The

values for p0 during the drag phase can be obtained from the NWC hydraulic

ram pressure code. For the shock phase pressure, the theory developed by

Yurkovich, (Ref. 22,) can be ised to determine the incident pressure field.

Two structural response digital computer codes, BR-I and SATANS, have been

modified by the author to include the piston theory. The modification consisted

of incorporating the -pcw loading component into the equations of motion

of the structure. £he BR-1 code, Ref. 23, is a finite element code for pre-

dicting the inelastic, large deflection, transient response of combat aircraft

skin-rib-stringer structures when subjected to internal airblast loading. The

finite elements are flat rectangular plates and beam stiffeners. The modified

* *An exact method for determining the response of the fluid-structural system
was presented in Ref. 3. However, this method requires simultaneous solution
for the fluid pressures and the wall deflections. This approach does not
appear to be practical at this time.
**A dot above a variable denotes a derivative with respect to time.



code is called BR-lHR. A description of the modification to BR-i and a User's

Manual for BR-1HR are presented in Ref. 24. The code SATANS is a finite

difference - Fourier series code for the geometrically nonlinear static and

dynamic analysis of arbitrarily loaded shells of revolution. A detailed

description of SATANS is given in Ref. 25. Instructions for its use are given

in Ref. 26. For this study the code is used to analyze flat circular plates.Iv
This report presents the results of our efforts to determine the accuracy

of the structural response codes with piston theory when predicting the entry

and exit wall strains due to the fluid pressures predicted by the NWC hydraulic

ram pressure code and the Yurkovich shock pressure theory. A modification to

the piston theory is also considered that accounts for cavitation at the

interface due to tension in the fluid. Section II contains a description of

the NWC exit wall and the NPS entry wall test programs. Section III presents

various aspects of the fluid-structure interaction, including cavitation at the

interface, and Section IV describes the features of BR-IHR and SATANS and theIIproposed structural models of the tank walls. Section V describes the NWC

hydraulic ram pressure code and presents the predicted pressure on the entry

and exit walls. The entry and exit wall strains computed using SATANS with

piston theory and piston theory with cavitation are presented and compared

to the measured strains in Section VI. The conclusions with regard to the

accuracy of the analyses are given in Section VII.

6
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II. EYPERIMENTAL PROGRAMS

A. Naval Weapons Center Exit Wall Test Program

Mr. Wallace Fung (Code 5114) has conducted a series of hydraulic ram effecta

tests on simulated aircraft fuel tanks at the Naval Weapons Center (NWC), China

Lake, California, in which 12.7mm API ballistic projectiles were fired at a

fluid filled, rectangular tank. The tank is 60 inches wide by 60 inches high,

with 22 inches between the entry and exit walls. The top of the tank is open.

A schema of the test set-up is shown in Fig. 1. The central portion of the entry

wall is a stretched rubber membrane. The central portion of the exit wall is a

20 inch by 20 inch by 0.125 inch 2024-T3 aluminum test plate clamped to a 0.25

inch steel wall. The edge clamping was obtained by compression (friction)

between two rubber gaskets around the outer perimeter of the plate. Additional

edge support was provided by a pin through the plate at two diametrically

opposed corners.

Fourteen 12.7mm API projectiles were fired at the tank with velocities

between 1300 fps and 2900 fps. The exit point of each shot is shown in Fig. 2.

The strains on the wet and dry surfaces of the exit wall were measured at the4

f our locations shown in Fig. 2 for each shot. The strains at cach location

were measured in the two directions indicated by the short lines in Fig. 2.

Pressures were measured at five locations along the trajectory and high-speed

motion pictures were taken looking at the dry side of the exit wall. Table 1

* lists the projectile velocity and the extent of damage for each shot. In

general, low velocity projectiles caused some bulging of the exit wall

accompanied by short cracks approximately three inches in length. The high

velocity projectiles caused severe tearing of the wall with several cracks

7
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TABLE 1. - Projectile Velocity and

Exzent of Exit Wall Damage

.1
Shot Velocity (fps) Damage

1 2,200 Cigar-shaped hole 3 in. long

2 2,217 Small circular hole 2 in. in dia.

3 2,254 Cigar-shaped hole with one 19 in. crack

4 2,198 Cigar-shaped hole 2 in. long

5 2,113 I W

6 2,763 Circular hole 3 in. in dia with two
10 in. cracks

7 2,673 5 In. hole with several 5 in. cracks
and petaling

I•8 2,643 5 in. hole with several 5 in. cracks

and petaling

9 2,718 Bulged plate with 3 in. cigar-shaped
hole

1 0 1,347 Cigar-shaped hole 3 in. long

11 1,386 " " I " "

12 1,366 " " " " " "

13 1,396 Not available

14 1,389 Very small hole wi.th two 2 in. cracks

1
S"10
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running from the exit hole to the edges of the plate. Figure 3, taken from

Ref. 6, shows the test panel from shot 14. A more detailed description of the

experimental set-up, a presentation of all of the exit wall strain data, and

photographs of each of the damaged plates are given in Ref. 6. Selected re-

sults from the NWC tests will be presented in Section VI where the comparison

between the experimental rzsults and the analytical resu!.ts is muade.

iI

ilk

i}I
.:.

?I

•.I

.. '2:,g 511



_________._.__. 

.....
__. 

. . . .

121



B. Naval Postgraduate School Entry Wall Test Program

A series of experime-ats have been conducted at NPS using a simple tank

configuration to determi.ne hydraulic ram pressure loadings •-eaz" the entry wall

*1 for several .222 calibur energy levels. The test fuel cell is cubical, with

inside dimensions of 17 inches on a side., and was constructed by welding one

quarter inch by three inch aluminum angle sections to form a frame. Side and

bottom walls are one inch thick plexiglass and the entry and exit walls were

bolted to the frame so that various thicknesses and materials could be tested.

The top is open and bullet entry into the tank was accomplished by providing a

one inch diameter hole in the center of the entry wall. A .222 caliber rifle

was used to fire copper-jacketed lead projectiles whose mass and impact

velocity were adjusted to obtain the various impact energy levels tested.

Spark shadowgraphs were taken to determine shock phase wave shape, shock posi-

tion and projiectile location as a function of time, Ref. 13. Kistler 603H

quartz pressure transducers were mounted in the tank to measure internal

pressure at a given spatial r>osition verses time. kesaures were measured

along a line inclined 50* from the vc. tical. at radii varying from two to eight

inches from the impact point. The internal pressures were measured using both

0.5 inch and 0.05 inch thick steel plates at the entry wall in order to stimulate

the case of a rigid entry wall and a flexible entry wall respective!y. The

pressure measurements are compared with the pressure predicted by the 114C

hydraulic ram pressure code in Ref. 17. The projectile position data given in

Ref. 13 was used to determine the dvag coefficients used in the NWC code.

13



A series of eý.perimenls to determine the entry wall structural response

to the shock and drag phase loadings for two energy levels (7,493 in.-3.b and

12,323 in.-lb) have also been conducted. The entry wall was a circular plate

with a fiftean inch diameter and a one inch diameter hole at the center*. The

test plate was bolted to a one inch thick aluminum plate with a fifteen inch

circular cutout. 7075-T6 Aluminum plates 0.05, 0.09, and 0.16 inches thick '

were tested. Each entry wall had four EA-13 type 175 ohm strain gages maounted

2 inches from the iMp.LCt point. One pair of gages measured radial strain with

one gage on the inside and the other on the outside of the plate. A second

pair of gages was oriented circumferentially, Figure 4 shows the test tank

set-up. A simple constant current strain gage circuit vgas used to measure

the dynamic response of the entry wall. The recording system consisted of a

dual-beam oscilloscope with two 1A7 pre-amp plug-in units with differential-

input capability and a Polaroid scope camera. The details of the test and

thr oscilloscope pictures of the strain traces are given in Ref s. 15 and 17.

The shots at the high energy level caused considerable tan~k leakage, strain

gage bond failure and permanent deformation of the 0.05 in. plate. The low

energy shots did not caut i any apparent damage. A preliminary comparison of

the measured strains with the strains predicted by SATANS is made in Refs.

15 and Li7. A more detailed comparison, including the effects of cavitation,

is made in Section VI of this report.

*A circular plate was tested so that the results from SATMIS are directly
applicable.

14
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III FLUID-STRUCTURE INTERACTION

A. Governing Equations

Consider the fluid-structure interface at a typical portion of the

entrance and exit walls of a fuel tank shown in Fig. 5. The linear

different•.al equation representing unsteady, low velocity, irrotationaj.,

frictionless, compressible fluid flow can be given in terms of a velccity

potential 0 in the form

'xx ~yy '~zz c 2

where e is the sonic velocity of the fluid (assumed to be constant), subscripts

denote partial derivatives, ani ' •y and z are the velocities in the x,

y and z directions respectively. The pressure in the fluid p can be obtained

using Bernoulli's equation

P Pa 2- - v 2  (2)

where p is the fluid density, assumed constant,

V2  *2 + 4 y +.•2 (3)

and pa is the ambient. pressure. p is positive in compression. For low

velocity flow the V term in Eq. (2) is usually neglected, giving

P- Pa -P (4)

At the wall,' the interface conditions are

p=±q

• Z TM •( 5 )

16 (5)
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where q is the normal pressure acting on the wall, and w is the wall

deflection normal to the plane of the wall. The minus sign on q applies at

the entry wall and the plus sign applies at the exit wall. These interface

-onditions are based upon thE assumption that both compression and tension

pressures can exist at the fluid-structure int..rface. In reality, cavitation

may occur and the wall velocity rand fluid velocity may not, be the same.

A procedure for determining the pressure on the tank walls due to transient

wall motion, based upon the above theory, was presented in Ref. 3. This proce-

dure used Kirchoff's relation for the p-.essure at any point within the fluid

due to motion of the surface of the fluid volume. The method requires simul-

taneous solution for the fluid pressures and wall deflections. It was

emphasized in Ref. 3 that the proposed method, although simple in concept, is

extremely difficult to carry out in practice, due mainly to computer storage

space and running time.

18-- ".-'
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B. one -Dimensional Interaction (Piston Theory)

Due to the considerable difficultiesi in treating the fully coupled

fluid-structure interaction problem, the use of simplified procedures is

appealing. One such procedure is the piston theory. This theory has been

in use since the early 1940's when it was applied to the study of the effect

of underwater explosions on ship plates, Ref. 27. It provides the correct Inter-

action solution to the one-dimensional propagation of plane stress waves In an

acoustic medium due to a moving plane boundary. Several recent studies have

been made to determine its accuracy when applied to two-dimensional fluid-

structure interaction problems, such me the propagation of plane waves over

circular cylindrical shells and the vibration of spherical shells, Refs. 28

and 29.

A derivation of the piston~ theory is given in Ref. 10. The essential

feature of piston theory is that the normal pressure at the wall is given by

q-wp 0 -1PC(v i - i) (6)

where p 0  and- vi are the incident pressure and normal velocity of the

fluid at the wall respectively, and w is the wall velocity*. The pressure

p 0and velocity v i are the pressure and velocity that would exist in the

fluid if the wall was not there, ise. p 0  and v 1  do not contain any reflec-

tion effects due to the presence of the wall. However, effects on p

and v i due to reflections from other surfaces should be included.

* *The derivation in Ref. 10 used the relationship pV pý. If Eq. (2) is

Used, Eq. (6) becomes q - p0 + pcv - - pw .However, since << c,

the velocity squared term can be neglected.

19
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The pressure given by Eq. (6) can be interpreted as being composed of

two parts, po' the incident pressure in thk fluid, and pc(vi - w), the

reflected pressure. Note that the reflected pressure is direccly proportional

to (vi w), the mismatch between the fluid velocity and the wall velocity.

The pcvi term is the reflected pressure in a plane wave at a rigid, non-moving

wall ( 0 0) and can be shown to be equal to p0 , the incident pressure. Thus,

Eq. (6) can also be given in the form

q - 2p - pcw (7)
0

If the plane wave front is moving normal to a rigid, non-moving wall, as

is the case for a hemispherically expanding shock wave at the entry wall, then

there is no mismatch between the normal fluid velocity and the wall velocity,

and the incident pressure p should be used in place of the 2p term in

Eq. (7).

"72
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C. Sprerical Wave Propagation and Interaction with a Planar Wall

The NWC hydraulic ram pressure code does not assume plane wave stress

propagation in the fluid, but instead treats the problem of the penetrating

projectile as a seqxie'ace of spherical stress waves in an acoustic medium whose

Centters of disturbance lie along the bullet path. Thus, spherical waves

-strike the planar tank wall, not planar waves. The pressure at a rigid wall,

determined using the method of images. If the image source is of the same

sign as the actual source, then the normal velocity at the wall is zero, and

the pressure at the wall is the net result of the two sources.. Thus,, if Fq..

(4) is used for the pressure, the pressure doubles at the rigid wall, just as

in the one-dimensional planar wave case, and 2 po is the pressure at the

rigid wall. If the image source is of the opposite sign, the pressure is ze.-'

at the wall and the wall is like a free surface.

21



The assumption has been made in the discussion above that there is

cotnit;: ::e:ween the fluid and the wall at the interface. This assumption

bcmsquestionable when tension exists at the interface, i.e., whlen

p -2p - pcw < 0(8

Experiments have shown that cavitation occurs in the water in front of

thin, circular, air-backed plates v;hen they are subjected to underwater ex-

plosive-type shock waves, Ref. 27. Two values obtained for the maximum
tension in seawater are 70 and 40 psi, Re'f. 30. Cole has suggested that it

usually is a good approximration to assume that cavitation begins at the
surface of a free plate, neglecting diffraction effects from the plate edge,

22
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IV STRUCTURAL RESPONSE COMPUTER CODES AND MODELS

A. BR-11IR

The Northrup Corporation, under Air Force funding, has developed a finite

element digital computer code, called BR-i, for predicting the inelastic, large

deflection, transient response of combat aircraft skin-rib-stringer structures

when subjected to internal air blast loadings. The finite elements used are

flat, isotropic, rectangular plates and beam stiffeners. The input pressure is

assumed constant over each element. The output consists of all of the input

data, the stable time increment, the stress-strain data for the panels and bars,

and the deflections at the node points. The stresses and strains are tensor

quantities at the cross-section at the center of the element. Two versions of

the code were developed; one for IBM computers and one for CDC computers. The

theory, user's manual and code listing of the CDC version are given in Ref. 23.

The IBM version of the BR-l code was modified by the author so that it could

be used to predict the response of aircraft fuel tanks when subjected to the

hydraulic ram pressure loading due to ballistic penetrators. The modification

was based upon the piston theory described in Section III. The modified code

is called BR-1HR. A description of :he theory, the modifications, and the

additional instructions required to operate BR-lR are given in Ref. 24. The

code is operational on the IBM 360/67 in F0RTRAkI IV, Level H.

The BR-IHR code can be uped to compute the response of the NWC exit wall

to the hydraulic ram pressure loading. One finite element mode] selected to

represent thR 20 inch x 20 inch exit wall thown in Fig. 2 is illustrated in

Fig. 6. This model has 49 elements and 64 nodes. The reasons for selecting

23
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this model were:

1. The number of nodes must be small in order to keep the execution

time to a reasonable figure.

2. The strain gage locations shouli be close to the center of the

element since thats where the strains are printed.

3. The edge and corner elements should be small since considerable

edge effects are anticipated.

4. This model can be further refined by subdividing the large element

that contains the exit point into smaller elements in order to allow

a more localized pressure loading.

The accuracy of this model for linear, elastic response is evaluated in

the appendix, where the exact solution and the BR-lHR solution are compared for

a simply supported plate subjected to a urijorm step pressure. The response

is obtained for both free and fluid backed plates. The essential result of the

accuracy study is that the displacements are accurately predicted by the finite

element model but the strains are not. In particular, the strains at the center

portion of the plate are inaccurate. However, it should be noted that these

strains are much smaller than the maximum strains in the plate. The solution

for a 144 node model was also obtained in order to determine if a smaller grid

size would yield more accurate results. The 144 node model provides somewhat

more accurate strains, but they are still quite inaccurate in the center portion

of the plate.
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The BR-i and BR-1RR codes are extremely computer-time consuming codes*.

Execlition times on the IBM 360/67 for small to moderate size problems

(9-144 nodes) vary from 0.4 sec/node/time step to 0.6 sec/node/time step,

depending to some extent upon the amount of output. Because of numerical

stability requirements, the maximum time step for stable resultn is very

small - of the order of microseconds.

The maximum time step for numerical stabil tty for the 64 node model of

the NWC exit wiall shown in Fig. 6 is approximately 13,5 psec. Furthermore,

when the elements of the model are made smaller for better solution accuracy

the maximum stable time step decroases. Thus, due to the very small allowable

b time step, the large number of nodes required for accuracy, and the large

amount of time required per node at each time step, the total execution time

can be considerable. For example, the total execution time required to com-

pute the response of the 64 node model for A msec at 12 Usec/time step is esti-

mated to be approximately 10,000 secs or about 3 hours on the IBM 3d0/67.

*The modifications made to BR-I did not significantly effect the execution time
required for a solution. Computer execution time for a problem run using BR-lHR
is essentially the same as the execution time using BR-I.

:1
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Ii i
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B, SATAISTS

SATANS (Static And Transient Analysis, Nonlinear, Shells) is a digitdl

computer code that computes the geometrically nonlinear static and dynamic

response of arbitrarily loaded, elastic shells of revoluttion. SATANS has

been in existence since 1967, and has undergone several significant modifica-

tions since the static version was first described in Ref. 31. The latest

public version, available through COSmiC (LAR-11109) can be used to analyze

any shell of revolution for which the following conditions hold:

(1) The geometric and material properties of the shell are

axisymmetric, but may vary along the shell meridian.

(2) The shell material is isotropic, but the modulus of

elasticity E may vary through the thickness.

(3) The applied pressure and temperature distributions can be

expressed in a Fourier sine or cosine series in the cir-

cumferential coordinate.

(4) The boundaries of the shell may be closed, free, fixed or

elastically restrained.

The governing partial differential equations are based upon Sanders'

nonlinear thin shell theory for the condition of Pmall strains and moderately

small rotations. The inplane and normal inertial forces are accounted for,

but the rotary inertial terms are neglected. The set of governing nonlinear

partial differential equations is reduced to an infinite number of sets of

four second-order partial differential equations in the meridional and time

coordinates by expanding all dependent variables in a sine or cosine series

in terms of the circumferential coordinate 0 . The four state variables are
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the three displacements and the meridional bending moment. The sets are un-

coupled by utilizing appropriate trigonometric identities and by treating the

nonlinear coupling terms as pseudo loads. The meridional derivatives are

replaced by the conventional central finite difference approximations, and the

displacement accelerations are approximated by the implicit Houbolt backward

differencing scheme. This leads to sets of algebraic equations in terms of

the dependent variables z and the Fourier index n. Each set is tridiagonal

in the matrix sense with 4 x 4 matrices on each of the diagonals. Each set

of algebraic equations is solved usl.ng Potters' form of Gaussian elimination.

For considerably more detail concerning SATANS and its use the interested

reader is referred to Refs. 25 and 26.

In SATANS, the applied pressure is defined at each finite difference sta-

& tion for each circumferential harmonic, and the output consists of the stress

resultants and displacements at each station for earh circumferential harmonic

' at each time step. For this study SATANS was modified to accourn" for the

piston theory radiation damping pcw in the transverse equation of motion.

The output was also changed to print the strains at each station.

SATANS is a very fast code compared to BR-lR. For example, an analysis

of the axisymmetric response of a flat circular plate requires approximately

0.01 sec/station/time step. Thus, in this instance its approximately 50 times

faster than BR-IHR*o However, it cannot account for inelastic effects, as

SBR-1}1R can.

*The axisymmetric analysis uses only the n - 0 mode. An asymmetric analysis

requires additional modes and hence more computational time. A reasonable

comparison for asymmetric response would be a 60 node model for RR-IHR, re-
quiring 30 sec/time step, verses a 15 station, 6 mode model for SATANS,
requiring .9 sec/time step.
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Since the NPS entry wall is a flat circular plate with a central hole

and is subjected to an essentially axisymmetric hydraulic ram pressure loading,

SATANS provides the appropriate analysis for purposes of comparison, provided

the stresses in the plate remain elastic. However, for the exit wall study

SATANS provides only an estimate of response, since the plate is square, the

loading is not symmetric, and the plate stresses exceed the elastic limit near

the exit point. Nevertheless, due to the considerable savings in computer exe-

cution time, SATANS is used for purposes of comparison. A typical 21 station

model of the exit wall is shown in Fig. 6, where the plate has been centered at

the exit point of shot 14.
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C. Cavitation

If cavitation takes place in the fluid near the wall1, negative interface

pressures cannot exist, and the net pressure q drops to zero. SATANS has

been further modified to account for cavitation by computing the net interface

rpressure 2p0 - pcw at each station, at each time step, and at each iteration.

If the net pressure at any station is found to be less than zero, then the net

pressure at that station is set to zero and another iteration is taken. This

in effect separates the wall from the fluid at those stations where cavitation

occurs. If the net pressure later returns to positive values then the positive

pressure is applied to the wall. This procedure takes advantage of the itera-

tive solution procedure used by SATANS since the net pressure depends upon the

7, velocity, which in turn depends upon the pressure. It's not possible to in-

I corporate cavitation in BR-lHR exactly since an explicit time integration method

is used without iteration.
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V HYDRAULIC RAM PRESSURE PREDICTIONS

AND COMPARISONS

A. The NWC HYDRAULIC RAM PRESSURE CODE

The NWC hydraulic ram pressure code is a digital computer code developed

to predict the pressure and velocity throughout a rectangular volume of fluid

due to a ballistic penetrator. The theory of the code and instructions for

its use are descrited in detail in Ref. 5. This code provides the values of

Ithe hydraulic ram pressure to be used in the structural response codes as the

1 incident pressure at the tank wall.

J ~A simplified model of the co~mplex bullet behavior is used for the pressure

computation. The bullet is assumed to travel in a straight line. The rate of

kinetic energy loss of the bullet is taken to be

dE MOV 2

dxbI ~where E Is the kinetic energy of the bullet, x,0 is the bullet position,

m is the bullet mass, V is the bullet velocity$ and a is a velocity decay

coefficient that is a function of xbfor tumbling bullets. In the code the

bullet is assumed to enter the test cell with 0-degree yaw and to continue in

4A this attitude until the distance XTUM is reached where it begins to tumble.

The bullet is assumed to be fully tumibled at a distance XTUM plus DXTUM

Stripping of bullet jackets from the armor piercing core of API ammunition is

also accounted for, albeit in a crude manner.

The wave equation is used to calculate che flow field resulting from the

* ~bullet anid cavity motion. The projectile and cavity are approximated by the

action of a line of sources along the bullet path. The stress waves are



assumed to propagate in a spherical manner from each source. The source

strength distribution is estimated by equating the energy loss of the bullet

to the sum of the work done by the difference in ambient and cavity pressure i

and the kinetic energy of the fluid. The pressure in the fluid is computed

using Bernoulli's equation, Eq. (2). Although the action of the cavity

is accounted for in the fluid model, the absence of fluid within the cavity

is ignored. Thus, the code pressures for locations within the cavity are of

dubious value. This aspect is discussed in the following section.

An important feature of the code is its ability to account for reflec-

tions from each of the six surfaces of the fluid volume using the method of

images. Two options are available; either eeflections from free surfaces, or

reflections from rigid walls*. Since the piston theory requires either twice

the incident hydraulic ram pressure (2p ) or the pressure at a rigid wall (.,e
0 a

two being the same when the velocity squared term is neglected in Bernoulli's

equation), either option can be used to obtain the pressure at the wall. However,

since the other walls of the tank are not rigid, only reflections from the

wall being considered should be accounted for if the rigid wall approach is

used**. Examples autd users instructions on the image feature are given in

Ref. 5.

*The free surface boundary condition p 0 is satisfied for the potential term
p0 only. In order to have the rigid wall refelctions, the statement ASSIGN
(I) -1.0 must be inserted after 530 in SUBROUTINE IMAGE.
**Most aircraft fuel tank walls probably reflect more like free surfaces than
rigid walls, Refs. 3 and 18.
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The input parameters to the code include the dimensions of the rectangu-

lara volume of fl.uid into which the penetrator is fired, XC(l) - XC(3), and the

entrance aad exit points of the projectile, X(l) - X(6). hlL order to obtain

the hydraulic ram pressure at the wall being considered the user must specify

the locations of the points at which these variables are to be computed and the

time increment for which the pressure is to be computed. Thus, in the BR-lHR

code the center of each element is the location for the pressure computaticn,

whereas in SATANS the location of the finite difference stations defines the

points for the pressure computation*.

Additional input data to the NWC code is given below:

XMASS(l) - bullet mass, lb.

XMASS(2) - penetrator mass, lb.

XMASS(3) - jacket mass, lb.

2
AREA(1) - bullet presented area, normal attitude, in

AREA(2) - buiillet presented area tumbled attitude, in 2

AREA(3) - penetrator presented area, normal attitude, in 2

AREA(4) - penetrator presented area, tumbled attitude, in 2

2
AREA(5) - jacket presented area, tumbled attitude, in

AREA(6) - bullet stern-first presented area, in 2

DRAG(l) - coefficient of drag for bullet, normal attitude

DRAG(2) - coefficient of drag for bullet, tumbled attitude

DRAG(3) - coefficient of drag for penetrator, normal attitude

DRAG(4) - coefficient of drag for penetrator, tumbled attitude

*The hydraulic ram pressure is either 2p or the reflected pressure at a rigid

wall. Since the NWC code does not provige an option to punch the pressure, the

code was modified by the author to punch these data in the format required by

BR-lHR. This required changes to the subroutine MIRROR in the procedure for

computing a minimum initial time. These changes established a common minimum

initial time to be used at all points. The punch routine provides the pressure

over the wall at each time increment, starting with the minimum initial time.
33
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DRAG(5) - coefficient of drag for jacket, tumbled attitude

DRAG(6) - coefficient of drag for bullet stern-first, normal attitude

DENS - fluid density, lb/in3

PO - ambient pressure, psi

PC - cavity pressure, psi, normally taken to be zero

C - sound speed in fluid, ft/sec

BC - constant, normally taken to be 0.434

VEL - initial bullet velocity, ft/sec

DX - distance increment along trajectory, in.

NT - a variable such that NT - 0/1 means that the bullet does
not tumble/does tumble

XSTRIP - distance along the trajectory that the bullet begins to strip

XTUM - distance along the trajectory that the bullet begins to tumble,
Ki in.

DXTIII - distance required for the bullet to become fully tumbled, in.
if NT - 0, XTIM and DXTUM can be arbitrary

NE - is a variable such that NE - 0/1 means bullet does not exit
tank/does exit tank

XE - distance along the trajectory where the bullet exits the
volume, in. If NE - 0, XE can be arbitrary

XMAX - maximum length of trajectory through volume, in. Dimension
statements limit XMAX to 300*DX.

EN - exponent which specifies power law followed by the drag
function (EN - 3.0 in general)

EFRACT - a factor related to bullet stripping (EFRACT - 3.0 in general)

NCTUM - a variable such that NCTUM - 0,1,2 - means bullet does not
continuously tumble/bullet continuously tumbles/bullet con-
tinuously tumbles for one cycle

BS,OMEG - parameters not used for this version, set equal to 1

NSTRIP - a variable such that NSTRIP - 0,1 means bullet does not
strip/bullet does strip

34i
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The code is programmed such that the computation of the trajectory para-,

meter is automatically stopped when the bullet reaches the exit wall (XMAX).

However, its possible to compute pressures for times longer than the time the

bullet takes to penetrate the tank. Since the theoretical model assumes

spherical propagation from a line of sou-ces, the source strength theoretically

drops to zero when the bullet exits the tank. The program indicates this fact,

when no reflections are considered, by printing a constant val.ue for ; (PPHI)

at all times %ter Chan the time required for the zero source disturbance to

reach the point in question. However, the pressure (P) printed at these times

(Eq. 2) changes due to the change in V2 , which is based upon the invalid

trajectory parameters. When reflections are considered, * also changes due

to the image sources.

B. The Cavity

In the series of ballistic tests conducted by NWC to obtain the detailed

pressure measurements (Ref. 4), highspeed motion pictures were taken through a

one inch plexiglass window at the side of the tank. This provided a 30 inch

high by 36 inch long field of view*. The opposite plexiglass wall was sand-

blasted and thus acted as a diffusing screen for backlighted photography. Tb-

films vividly show the bullet penetrating the entry wall and passing through

the fluid, the resulting cavity caused by the bullet, and the entry wall deflec-

tion. Fig. 7 presents several frames of the film showing the penetration by a

30 caliber projectile**. Several features regarding the cavity can be seen from

these pictures. First, the cavity does not touch the entry wall anywhere except

in the immediate vicinity of the entry hole. Second, there does not appear to

*The tank was a five foot cube.
**The pipes extending into the tank from the top contain the pressure trans-
ducers. The first pipe is 6 inches from the entry wall and the pipes are
spaced 6 inches apart. 35
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be any cavitation in the fluid at the entry wa~l. due to negative interface

pressures caused either by the wall deflection (away from the fluid) or by

tension waves in the fluid. However, pictures of later times definitely show

cavitation on the side walls. Third, when the bullet has traveled approximately

24 inches into the tank the cavity is conical for about 12 inches, followed by

a larger, more cylindrical cavity. 'The diameter of the cylindrical part of the

cavity is approximately six inches. When the bullet has progressed approximatel y

30 inches, the cylindrical cavity hat; grown to about eight inches. The size of

the cavity is important when attempting to determine the net pressure on the exit

wall after the bullet exits the tank, i~e. where is there contact between the

fluid and the wall?
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C. Entry Wall Pressure

The loading on the entry wall of the fuel tank due to the ballistic penr-

trator can be divided into four successive phases:

1. a penetration phase where the projectile punches a hole in the

entry wall,

2. a shock phase where the projectile protusion into the fluid causes

a hemispherical shock wave,

3. a drag phase during which the kinetic energy of the projectile is

dissipated by form drag and a cavity behind the projectile is formed,

4. a cavity oscillation phase which results from the growth and collapse

of the cavity.

The penetration phase was not included in the NPS tests since the entry plate

had a one inch diameter hole at the center through which the projectile passed.

This was done to eliminate the first phase from the problem.

The NPS prediction of the fluid pressure during the shock phase uses the

Yurkovich theory which is based upon the assumptions of a point energy source

release, a rigid entry wall, and a shock radius that is proportional to a con-

stant power of time. A typical predicted wave front pressure distribution

resulting from the impact of a 45 grain .222 caliber bullet into a water filled

tank is shown in Fig. 8. Note that this phase is much less than one msec in

duration. The magnitude of this phase relative to the drag phase is heavily

dependant upon the relative amount of kinetic energy lost by the projectile

during the shock phase, which in turn is heavily dependant upon the projectile

Mach number with respect to the fluid. Projectiles with high Mach numbers (>2)

lose considerably more energy in the shock phase than those with low Mach

numbers. Detailed shock phase results from the NPS experiments and comparisons

with the results from the Yurkovich theory are given in Refl. 9, 12, and 13.
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Since the shock ?hase does not dissipate all of the available projectile

kinetic energy, the projectile travels through the tank until either all of the

energy is dissipated or it strikes and/or penetrates the exit wall. No pro-

jectiles penetrated the exit wall in the NPS tests. The predicted fluid

pressures on the entry wall during the drag phase can be obtained from the

NWC hydraulic ram pressure code.

Values of the input data used in the NWC hydraulic ram pressure code are given

below:

EN 3.00000
BS 1.0000
EFRACT - 3.00000
NCTUM M 0
NSTRIP - 0
NT W 0
XTUM 0 20.00000
DXTUM M 25.00000
XSTRIP a 20.00000
XMASS(3) - 0.00640 0.00010 0.00010
"AREA(6) - 0.03800 0.03800 0.03800 0.03800 0.03800 0.03800
DRAG(6) - 3.00000 3.00000 3.00000 3.00000 3.00000 3.00000
BETA(7) - 0.32063 0.32063 20.51999 20.51999 20,51999 0.32063 20.51999
VEL -2500.00000
DENS W 0.03600
PO 0 14.70000
PC 0.0
C -4900.00000
BC- 0.43400

Note that tumbling of the bullet was not considered since no data on tumbling be-

havior was available. Instead, a constant drag coefficient for the bullet was

determined from the projectile position data. Neglect of the tumbling behavior

strongly influences the shape of the pressure curves. Figure 9 shows comparisons

of the measured and predicted fluid pressure 2 in., 3 irn., and 4 in. from the

entry point along a radius 50° from the verticsl and in the direction of the

projectile trajectory. The energy level was 7,493 in.-lb and the antry wall
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was 0.5 in. thick. Rigid wall reflections from all surfaces, including the

front wall, were assumed. The predicted shock pressures are included in the

comparison. The shock pressures were obtained based upon the assumption of

a 101' loss of projectile energy during the shock phase. The measured and pre-

dicted fluid pressure at 2 in., 4 in. and 6 in. for the condition of free

surface everywhere is shown in Fig. 10. The shock phase pressures are not in-

eluded in this figure. Examination of Figs. 9 and 10 reveals that the predicted

drag phase pressure at the larger radii have essentially the same peak pressure

as the measured pressure but the wave form is different. The difference in form

may be due to the fact that the tumbling behavior is not properly accounted for.

Furthermore, note that the measured pressure trace does not indicate a shock

phase. ThiV: may be due to the limitations on the time rise of the charge ampli-

fier used*. Much more detailed information concerning the fluid pressure

measurements near the entry wall is given in Refs. 8, 9, 11, 12, 13, 14, 16,

and 17.

The predicted hydraulic ram pressure on the entry wall for the 7,493 in.-lb

energy level shot is shown in Fig. 11 at 50Gsec, l00psec, and 150psec after

impact,, The hydraulic ram pressure is taken as the sum of twice the incident

drag pressure and the shock pressure. Free surface reflections from every

surface except the entry wall were included**. This transient pressure field

is the one selected for use with SATANS.

*Shadowgraphs show the existence of a hemispherical shock front, Ref. 13.
**The choice was made to use twice the incident drag phase pressure rather than
the reflected pressure at a rigid wall since this allows the use of free surface
at the other walls. A comparison of the two pressures on one shot revealed a
difference of less than 4Z.
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D. Exit Wall Pressure

The hydraulic ram pressure on the exit wall can also be predicted using.

the NWC code.

Values of the input data for shot 14 of the NWC test program are given below:

EN " 3.00000
BS 1 1OqOOO
EFRACT 3:00600
NCTUM - 1
NSTRIP - 0
NT - 1
XTUM - 0.67929
DXTUM - 11,35918
XSTRIP - 35.00000
XMASS(3) - 0.10660 0.06410 0.04250
AREA(6) - 0.20460 1.03780 0.14320 0.70020 1.03780 0.08550
DRAG(6) - 0.05000 0.30000 0.05000 ' 0.30000 1.00000 0.82000
BETA(7) - 0.00173 0.05272 0.00202 0.05915 0.44076 0.01187 0.01974

The tumbling parameters XTUM and DXTUM were obtained by determining the best fit

..of the predicted pressure to the measured pressure at one point in the fluid.

The entry point of the projectile was 30 in., 30 in., and 0 in. in the x, y, and

z directions respectively. The exit point was 28 in., 25 in. and 22 in. The

projectile was predicted by the code to strike the exit wall at 1.63 msec after

entering the tank. The pressure build up started at 0.35 msec. This time is

taken as the zero time for the structural response computations.

Two different image conditions are considered for shot 14 in order to illus-

trate the effect of reflections from the other walls of the tank; that of no

image and that of free surface reflections from every wall except the exit

wall. The predicted pressure 2p at the center of the exit wall, at
0

x - y - 26.5 in., and at the exit point is given in Fig. 12 as a function of

time for the condition of no images and in Fig. 13 for the condition with free
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surface reflections. The pressures given in Figs. 12 and 13 cre assumed to

drop to zero shortly after the bullet exits the tank, for the reasons given

in Section V.A. The pressure field 2p aon the exit wall at t - 0.9 msec,

1.6 msec, and 1.75 msec is shown in Figs. 14-16 for the conditions of no

images, and in Figs. 17-19 for the condition of free surface images. The

region around the exit point where the pressure is assumed to be zero. The

zero pressure there is due to the fact that the energy source has exited the

tank; it is not related to the cavity that follows the bullet. However, the

presence of the cavity will also cause the pressure to drop to zero.

A comparison of the pi~essures on the exit wall without reflections with

the pressures with reflections reveals a considerable difference between the

two pressure fields, particularly at times later than 1.5 mseco In general,

the no image pressures are higher than those with images. Figure 18 shows

negative pressures over a considerable portion of the plate at 1.6 msec. In

addition, Fig. 13 shows some strong pressu re spikes just after the bullet exits

the tank. Its not clear where these spikes come from.

As a consequence of both the doubtful validity of the predicted fluid

pressure on the wall after the bullet exits the tank and the presence of the

cavity, the assumption is made in the analysis for the exit wall response that

the pressure field 2p 0drops to zero when the bullet exits the tank. This

assumption of course neglects the incoming pressures that have been reflected

from the other surfaces, but the presence of the cavity makes it questionable

whether or not the fluid is in contact with the wall. High-speed films of the

exit wall show that the water does not immediately pour out of the exit hole
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Propagation of zero strength souce

is 8N 14 7 -2 -7 -10

30 32 28 15 2 -6 -9

138 N 4 9 -2 -7

The pressure In this
region are not known. I8 2 -5
They are assum'ed_ _ -

.22 5 -3

129 19 5 -2

48 134 29 33 15 4 1I

FIG. 19 EXIT WALL PRESSURE 2p~ FREE SURFACE REFLECTIONS
t~ 1.75 msec
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after the bullet penetrates the wall. There appears to be some delay, indicating

the j esence of the cavity in the vicinity of the hole. Later, however, the

water is periodically pumped out in large quantities during the oscillating

cavity phase.

: A1
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VI WALL STRAIN COMIPARISONS

A. Entry Wall Strains

Figure 20 shows typical experimental entry wall strains for a 0,16

inch thick aluminum wall. Additional data are constained in Ref s, 15 and 17.

The upper photograph shows that the radial strain is essentially due to pute

bending because of the relatively symmetrical traces. The lower photograph

shows that circumferential strains are also primarily due to pure bending oi~

the plate for the first 400 jiseconds, However, after 400 pseconds the circum-

ferenttal strains are not as~syimetrics which is indicative of stretching of

the middle surface of the plate. The traces for the*0.09 in. plate are similar

tq t-hoso shown In Fig. 20, but they reveal more stretching of the middle

surface.

Strains in the 0.09 in. entry wall have been computed using SATANS. The

applied transient pressure field on the wall was the shock and cavity

pressure shown in Fig. 11. The 7.5 in. radius plate was mod'sled with 71

equally spaced nodes, starting at the inner radius of 0.5 in. and continuing

outward, 0.1 in. apart. The boundary conditions at the inner hole were those

of a free edge; fully clamped conditions were assumed at the outer edge. The

time increment was 5 p.sec. Poisson's ratio was taken as 0.33.

Several cases of fluid-structure interaction were considered. When the

affect of the fluid on the wall motion, i.e. the -pc* term in Eq. (7), was

ignored, the computed Etrains caused by the sum of the shock and drag pressures

were very large compared to the measured strains. When. the piston theory is
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used, the predicted strains are reduced by a considerable amount. Figure 21

presents the predicted and the measured radial strains on both sides of the wall

at 2 in. from the entry point as a function of time. Figure 22 shows the

corresponding circumferential strains*.

The sharp rise and fall of the predicted radial ntrain around 50 psec in

Fig. 21 is probably due to the passage of the shock pressure front. Note that the

the early strains indicate compression on the dry side and tension on the wet

side. The reason for this can be seen by examining a plot oa the predicted

wall deflection at 50 psec shown in Fig. 23.

In general, the form of the predicted strains in Figs. 21 and 22 is the

same as the form of the measured strains. 1However, except for the radial

strains due to the shock pressure, the predicted strains are considerably

smaller than the measured strains. One possible explanation for this difference

is that cavitation takes place in regions where the net interface pressure is

negative (tension)*. The predicted net interface pressures 2p0  (drag) +po

(shock) -pcý , is plotted in Fig. 24 at 50,100 and 150 Usec after impact. This

figure can be compared with Fig. 11 to illustrate the effect of the wall motion

on the interface pressure. Note the presence of 'Lrge negative pressures in

Fig. 24 The response of the entry wall assuming cavitation takes place has

been computed using the modified version of SATANS discussed in Section IV. C.

*A iimilar comparison of strains is presented in Ref. 17. However, in Ref. 17
the sign of the strain appears to be reversed from normal convention, i.e.
tension strain is called negative and compression strain is called positive.
This conclusion is based upon the assumption that in general the plate will
stretch, not compress, after the initial wavefront passes. In addition, the
shock pressure used in Ref. 17 was multiplied by a factor of two.
**Recall that the photographs of the entry plate presented in Fig. 7 do not
appear to indicate any cavitation.
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T'he predicted and measured results for the radial and circumferential strains
A,,

on both sides of the wall at 2 in. from the entry point are presented in

Figs. 25 and 26. Examination of these results reveals that the strains with

ýi cavitation included are significantly larger than those computed without

cavitation. However, except for the circumferential strain on the dry side,

'I the general form of the predicted strains with cavitation differs from that

of the measured strains. There is considerably more oscillation in the pre-

dicted strains. This is because the damping effect of the fluid has been

S, removed in those areas where cavitation occurs. Thus, perhaps cavitation is

, I not occurring at the entry wall. Recall that the NWC high-speed motion pictures

Ii did not reveal any cavitation at an entry wall.
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B. Exit Wall Strains

A's an example of the strain data obtained by NWC in their exit wall tests,

the strains measured at the 16 gages are presented for shot 14 in Fig. 27.

Figute 28 shows the correspondence between the gage number and the location andI

direction of strain measurement. The gage locations are also indicated in

Figs. 2 and 6. The locations defined as a and bin Fig. 27 at gages 9-12 and

134-16 respectively are also indicated in Figs. 6 and 28. Note in Fig. 27

that. only gage 6 appears to be clearly inoperative. However, the results from

ga~c 16 are also suspect since they are of a different nature than those from

the o~ther gages. On most of the other shots many more gage readings were4

lost because the wires leading from the gages to the recording device were

broken by the exiting bullet, the large wasll motion, and the spewing water.

As a consequence of the experimental set-up, the time coordinate on each

strain trace has a different origin with respect to universal time; hence, the

* . strain traces cannot be compared using the printed time as a reference. In

addition, there is no precise indication or data on the exact time when the

bullet strikes the exit wall*. Thus, its difficult to directly compare pre-

dicted strains with the measured strains on a timewise basis. Nevertheless,

some indication of the applicability of the analysis can be obtained by com-

paring the general form of the predicted and measured strains and the maximum

strains.

*An examination of the strain at gage 14 in Fig. 27 reveals a significant
change in behavior between 10.2 and 10.7 msec. That could be an indication
that the bullet exited the tank at that time. Furthermore, a study of the
high-speed films of shot 12 revealed that two of the wires from gages 9
through 12 were cut by the bullet about four frames after the bullet exited
the tank. Thus, the signals from these gages were probably lost approximately
0.5 msec after penetration. The strain trace for gage 9 was definitely lost
at about 5.7 msec. Prior to that time the strain was less than 1000 iistrain.
Since the maximum strain of shot 12 was approximately 4500 U.strain, and since
gage 9 was as close to the exit point as any of the other gages, it appears
that the large strains in the wall occur after penetration, except of course,
in the immediate vicinity of the exit point.
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The response of the exit wall to shot 14 has been computed using SATANS

witi' the 21 station model shown in Fig. 6. The stations are 0.5 in. apart.

The plate is assumed to be continuous at the center (the exit point), and the

outer edge is assumed to be fully clamped. The pressure 2p from the NWC

hydraulic ran pressure code for shot 14 along the line x 28 in. and

centered at the exit point was applied for the interval t - 0.35 msec to

1.625 msec (fluid time) or t - 0 to t - 1.275 msec (structure time) in

increments of 25 usec*. The pressure was assumed to be zero after 1.275 msec

for the reasons given in Section V.D. The axisymmetric response of the circu-

lar plate was computed at intervals of 25psec for the interval t - 0 to 4

msec. The results for the radial strain (ry ) history and circumferential

strain (ex) history on both sides of the wall at point c in Fig. 6 are pre-

sented in Fig. 29 for the condition of no pressure reflections from the other

walls and in Fig. 30 for the condition of free surface reflections. A compari-

son of Figs. 29 and 30 reveals that the strains computed with the reflections

are smaller than those without reflections. Only c on the wet side shows

any major change in the form of strains.

The predicted strain traces in Figs. 29 and 30 can reasonably be compared

with those of gages 9 through 12 (point a in Fig. 6) or 13 through 16 (point

b in Fig. 6) shown in Fig. 27. The time scale for the predicted strains has

been made essentially the same as that for the m-asured strains for ease of

comparison, but the exact times cannot be compared. The location of each

strain in Figs. 29 and 30 corresponds to the strains as they are located in

Fig. 27.

*The minimum time at which the fluid pressure starts to build up on the exit
wall is 0.35 msec. This time is used as the zero time for the structural
response computations.
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A comparison of the predicted and measured strains shows that the shape

ot the measured traces for e on the dry side (gages 11 and 15), e~ on

the wet side (gage 12; gage 16 appears to be inoperative) and e on the wet

side (gage 10) is very similar to the predicted strain history for those

three strains. In particular, note the build up of e on the dry side and

the rapid change of direction of exon the wet side when the bullet exits

the tank. However, the magni~tude of the predicted strains is off by factors

of 60, 200 and 30 respectively. Furthermore, the predicted strains do not

show the high frequency content exhibited by the measured strains. This could

tain the high frequency asymmetric motion generated by the corners of the

square plate, and in part to the fact that the piston theory without cavitation

causes the plate to respond as a heavily damped oscillator. An examination

of the net fluid pressure on the exit wall revealed that negative (tension)

prEssures of approximately 20 psi or less occurred over portions of the wall

at various times. To illustrate this, Fig. 31 presents the net interf ace

pressure over the wall at 1, 2 and 3 msec. When the arsumption is made that

cavitation occurs at any negative pressure, the modified version of SATANIS

4 predicts the strains shown in Fig. 32 for the condition of no reflections.

A comparison of these strains with the measured strains (Fig. 27) and with the

predicted strains without cavitation (Fig. 29) reveals that the predicted

strains with cavitation are much closer in magnitude to the measured strains,

but the similarity in form has been lost.

An analysis with cavitation using a 30 in. diameter plate centered at

the exit point of shot 14 gave roughly the same results as the analysis of i

the 20 in. plate.
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A general comparison of maximum strains some distance removed from the

exit point may also be helpful in determining the-merit of the analysis.

An examination of the exit points for the low velocity shots (10-14) shown

in Fig. 2 reveals that they are app-oximately 4-6 inches away from gages

9-12 at .e center of the plate. The maximum strain at the center gages

333
for each shot is 2.5 x 10 (10), 2.6 x 103 (12), 3.3 x 103 (13). and

3.2 x 10 (14) microstrain*. The maximum strz-.n from the SATANS results for

shot 14 between 4 and 6 inches from the exit point is approximately 300

microstrain with lio images and no cavitation, and approximately 1000

microstrain when cavitation ', assu'ed. Thus, the maximum predicted strain

at tie center of the plate is underestin..ate'1.

Am examination of all of the measured strain traces for shots 10-14

reveals that apparently the maximum strain for all five shots occurs at

gage ,' and is approximately -4.0 x 103 to -4.5 x 103 microstrain**. Also

noted is the fact that the only other gage that registers a large negative

(compression) strain for these shots is gage .. These two gages are on the

wet side of the wall. The opposite gages on the dry side register tension

strains, thus indicating large bendin, moments at these two gages, This

behavior 4s probably due to the fact that these two gages are closest to

"the clamped edges of the plate where the bending effects would be pronounced.

The mazrimum predicted strains near the edge are also larger than those at

point:c.

*The traces at gages 9-12 were loit for shot 1i,
•**The strain traces at gage 4 look essentially the same as that of Fig. 27
cor almost every shot, including the high and medlium velocity shots.
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As a consequence of the rather poor comparison between the meaeured .

and predicted strains when cavitation is not included, and the extremely long

computation time required, a full scale analysis using BR-lHR has not been

made. The results from preliminary runs using BR-lHR for short periods of

time indicate the same low estimates of strain that SATMNS predicts. Al
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V VII SUMM~ARY AND CONCLUSIONS

The experimental and analytical hydraulic ram and structural response

programs at NWC and NPS have been briefly described. Particular attention was

given to the hydraulic ram pressure code developed by Lundstrom and Fung at

NWC, the hydraulic ram tests conducted on exit walls by NWC, the computer

study of the exit wall response by NPS, and the experimental and computer

study of the hydraulic ram shock and drag phase pressures and circular entry

wall response by NPS. The goals of this combined NWC-NPS effort have been

the development of an understanding of the hydraulic ram-structural response

phenomenon and the preparation of iomputer codes that can be used to accurately

predict the fluid pressures and the subsequent wall response to the penetrating

projectiles.

This report is particularly concerned with the comparison of measured

wall strains and predicted wall strains at both the entry wall and the exit

wall. The piston theory for approximating the fluid-structure interaction

has been incorporated into the two computer codes, SATANS and BR-l, allowing

the separation of the fluid and structural analyses. For the entry wall

analysis, the Yurkovich shock pressure theory has been combined with the NWC

hydraulic ram pressure code to give a predicted fluid pressure field on the

the entry wall as a function of time. This predicted pressure field was

applied to the circular entry wall and the response of the wall was computed

using SATANS. A comparison of the measured and computed strain histories

twu in. from the center of the plate reveals that the predicted strains have

the same general form as the measured strains, but the magnitudes of the

predicted strains are smaller than the measured strains shortly after the
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response begins, When cavitation at the wall is accounted for in SATANS

(no net tension interface pressure), the magnitude of the predicted strains

increases to the level of the measured strains. However, except for the

circumferential strain on the dry side, the similari-y in the form of the

strain history is lost. In addition, the predicted radial strain with

cavitation shows considerably more oscillation than the measured radial strain.

Thus, its questionable whether or not cavitation occurs at the entry wall. The

NWC high-speed motion pictures of the entry wall r'isponse do not reveal any

cavitation there.

For the exit wall analysis, the predicted incident fluid pressure field

on the exit wall was obtained from the NWC hydraulic ram pressure code. The

incident pressure was assumed to drop to zero when the bullet exited the

tank. The other walls were taken either as free surfaces or were not con-

sidered in two separate analyses. The response of the 20 inch square exit

wall to the two pressure fields was computed using SATANS by idealizing the

square plate as a 20 inch diameter circular plate centered at the exit point.

A comparison of the strains in the exit wall measured by NWC with the

strains predicted by SATANS, without cavitation, reveals that three of the

four predicted strain histories have essentially the same form as those of

the corresponding measured stTains. In particular, the predicted and measured

strain behavior appear to be in very good qualitative agreement at the time

-when the bullet is estimated to exit the tank. However, the magnitude of the

predicted strains is one to two orders of magnitude smaller than the measuree

strains. When cavitation is accounted for in the analysis, the magnitude of

the predicted strains increases to less than an order of magnitude smaller
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than the measured strains, but the similarity in the form of the strain

histories is lost. Thus, it appears from both the entry wall strain com-

parison and the exit wall strain comparison that the cavitation assumption

of no net tension pressure at the interface is probably not correct. A

certain level of tensiou should be allowed.

No full scale analyses of the exit wall were conducted using the modi-

fied BR-1 code, BR-1HR, due to: 1) a projected minimum execution time of

about 3 hours on the NPS IBM 360/67, 2) the fact t' i._ rt preliminary.runs

using BR-lHR gave the same level of small strain, as , and 3) the code

in its present form cannot handle cavitation.

As a result of this study, the major conclusion en be made that the

piston theory without cavitation yields good predictions of the form of the

strains, but the magnitude of the predicted strains is often an order of

magnitude or more too small. Addition of cavitation of the fluid-structure

interface leads to larger predicted strains, but the similarity in the form

of the strains is lost. Studies are currently underway to modify the piston

theory to allow larger strains without changing the form of the strain

history.
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JX. APPENDIX - EVALUATION OF THE BR-IHR MODEL

The accuracy of the BR-lHR model shown in Fig. 6 for linear response

can be demonstrated by comparing the results from BR-1HR with the series

solution to the problem of a simply supported, square, fluid-backed plate

subjected to a uniform step pressure load P . The piston theory eqwtion

governing the motion of the plate can be given in the form

D V4W+ yh*+ pcw-p t>O Al

where __

D --- , +'.

12(I-v 2 ) ax4  Bx2 ay 2  ay4

E - 10.4 x 106 psi - Young's modulus

Y - 0.0965 lb/in. 3  - Specific weight of the plate

V - 1/3 - Poisson's ratio

h - 0.125 - Thickness

P* - 1.0 lb/in. 2  - Uniform pressure

a - 20 in. - Plate length and width

9g 386 in./sec2  - Acceleration due to gravity

p - 7.64 x 1V #-sec2 /in. 4 - Density of fuel

- 53,000 in./sec - Acoustic velocity of fuel

The solution to Eq. (Al) for the simply supported plate can be given in the

series form

w n sin •x sin niTy (A2)
'm-l3,5 n- l,a,5 m a a

Qen excttgB-HP was taken as 0.01 lb/in.2 in order to keep thenonlinear effects small. The results were multiplied by 100 in the compari-

son with the series solution.



where

S-'_ "Cos -AjW
yhw 2 ' i

when C < 1 , and

nmn -r =-l +

when > 1 ,where

16P

72 fn

- DmaW2.•(2 + n2)2
yhaht

pC
Zwyb

S"tax.-1. __ _

The outer surface strains cx' 6y and y are given by

-T) 2 E mrx~ niry
x + 2 m-i,3 n-1,3 nmn a a a

n~r 2 nITX nny
£ - +2 3- +) sin - sin

y 2 m-1, 3 a a

S 0 2•xy ' .• • m• (n__)Cos C... s no y

Yxy hm, 3 n-1 , 3 •mn a a a a
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where the top sign is used at the loaded (wet) surface and the bottom sign

is for the unloaded (dry) surface. This problem is selected as a test caseI

because it has a relatively simple series solution and it roughly approxi-

mates the actual loading condition on the exit wall.

The results from Eq. A2 for the displacement at the center of the plate

are given in Fig. Al as a function of time for pc - 0 (no fluid) and for

#b-sec
Pc - 4.1 *Note the significant reduction in the response due to the

in
presence of the fluid. The results from BR-lHR for the displacement at the

center of the plate are given in Figs. A2 and A3, for PL - 0 and 4.1#se
3in

respectively, for 50 time steps. The time increment used in BR-lHR was the

maximum allowable for numerical stability. Also shown in Figs. A2 and A3

are the results from Eq. A2. Note the accurate displacement response from

BR-IJIR for both values of pc.

Profiles of the plate displacement at 50 time steps with pc - 0 are

given in Figs. AMa and A4b for y - 5 in. and x -8 in. respectively.

Profiles of the corresponding outer surface strain e are given in Figs.

A5a and A5b for y -6.5 in. and x -10 in. respectively. Examination of

these figures reveals that the displacements are accurately predicted by

the finite element model but the strains are not. In particular, the strains

in the center potrtion of the plate are inaccurate. However, note that the

strains at the center of the plate are relatively small. A plot of the outer

surface strain at the center of the plate as a function of time is given

~ i. in Fig. A6. Note the relative smoothness of the finite element strain com-

pared to the strain from the series solution.
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in order to determine the effect of the model upon the results, a 144I iiude model was also c~onsidered. A comparison of results showed that the 1.44

node model provided somewhat more accurate strains, but they were still

inaccurate in the center portion of the plate.
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